Bodily awareness is a central component of human sensation, action, and cognition. The human body is subject to profound changes over the adult lifespan. We live in an aging society: the mean age of people living in industrialized countries is currently over 40 years, and further increases are expected. Nevertheless, there is a lack of comprehensive knowledge that links changes in embodiment that occur with age to neuronal mechanisms and associated sensorimotor and cognitive deficits in older adults. Here, we synthesize existing evidence and introduce the NFL Framework of Embodied Aging, which links basic neuronal (N) mechanisms of age-related sensorimotor decline to changes in functional (F) bodily impairments, including deficits in higher-level cognitive functions, and impairments in daily life (L). We argue that cognitive and daily life impairments associated with old age are often due to deficits in embodiment, which can partly be linked to neuronal degradation at the sensorimotor level. The framework may encourage the development of novel approaches to improve autonomous living for older adults.
Introduction
Body perception and bodily awareness play central roles in human sensation, action, and cognition (Gallagher, 2005; Pfeifer et al., 2007) . Research that is conducted on embodiment typically investigates interactions between perceptual, motor, and cognitive processes and how they influence our daily living. Bodily processes, mediated by peripheral receptors, muscles, and associated neuronal pathways, indeed influence many aspects of our daily life, such as the way we interact with our peers (Buccino et al., 2001; Rizzolatti and Craighero, 2004; Rizzolatti and Fabbri-Destro, 2008) , the way we perceive and evaluate our spatial environment (van der Hoort et al., 2011) , the way we make important decisions (Damásio, 1994; Reimann et al., 2012; Selen et al., 2012) and feel about their outcomes (Brassen et al., 2012) , and the way we memorize events (Bergouignan et al., 2014) .
However, the various and complex changes the human body undergoes over the lifespan are not taken into account in most current theories on embodiment. But we live in an aging society: the mean age of people living in industrialized countries is currently over 40 years, and further increases are expected (Vaupel, 2010) . Nevertheless, so far, little attention has been paid to age-related changes in embodiment, the associated sensory, motor, and cognitive abilities, and the underlying neuronal mechanisms determining these effects. Critically, the lack of a comprehensive framework discussing the effects of bodily changes on sensory, motor, and cognitive processes and their influence on daily life can lead to an underestimation of the importance of changes in embodiment for cognitive disorders and sensorimotor deficits that are specific for older adults. This can slow down the development of treatment strategies to counteract these deficits and improve autonomous living for older adults. In addition, it leads to a limited basic understanding of the neuronal mechanisms that underlie age-related changes in cognitive functions. A better understanding of these changes may help policy makers to ensure that people aged 65 and older continue to play an integral role in their community.
Here, we take a first step in filling this current knowledge gap. We review the available empirical evidence on age-related changes in embodiment and synthesize it to introduce the NFL Framework of Embodied Aging. This novel theoretical framework clusters age-related changes in embodiment into three basic categories: neuronal mechanisms (N), functional consequences (F), and daily life relevance (L). The framework highlights the interactions between these levels, supported by empirical evidence. We refer to each category (N, F, and L) in the text and summarize the framework in Fig. 1 . To increase readability, we have structured our review according to standard classification schemes https://doi.org/10. 1016/j.neubiorev.2017.11.016 Received 18 January 2017; Received in revised form 10 November 2017; Accepted 21 November 2017 (e.g., touch, proprioception, interoception). Each category (N, F, and L) therefore appears in each of the specific sections. The NFL Framework of Embodied Aging was developed to allow a more detailed understanding of the interactions between age-related neuronal changes, agerelated changes in perception, motor control, and cognition, and daily life experiences by older adults. The framework allows linking different research fields that have so far often been studied in isolation. Two reviews target similar issues (Vallet, 2015; Loeffler et al., 2016) : Vallet et al. (2015) summarizes interactions between sensorimotor deficits and cognitive impairments in older adults, whereas Loeffler et al. (2016) provide a lifespan perspective on embodiment including literature both on children and on older adults. Our review extends this literature by (i) introducing specific neuronal mechanisms that may underlie age-related changes in embodiment, (ii) discussing a variety of modalities (e.g., touch, proprioception, interoception) and cognitive functions (e.g., spatial cognition, social cognition), and (iii) integrating existing evidence into a novel framework.
We focus on published studies in the field of human cognitive and clinical neuroscience that either introduce changes in basic sensorimotor processing in older adults, or have established or supported links between age-related changes in basic sensorimotor processes on the one hand and age-related changes in higher cognitive processes on the other hand. The basic neuronal mechanisms we identified are summarized in Table 1 , and the NFL Framework of Embodied Aging is summarized in Fig. 1 . We included higher-level cognitive functions whenever published research indicated a link between age-dependent deficits in basic bodily processing and cognitive functions. Due to this subjective approach, neither these links nor the cognitive functions included can be exhaustive. We expect that future research will expand our initial framework. We note that although the plasticity of bodily processes and associated changes in cognitive function and behaviour are relevant, particularly in light of the need to develop training techniques for older adults, the inclusion of plasticity mechanisms would have gone beyond the scope of our review. Instead, our review aims at providing a framework that may help to interpret past and future research results and to draw the readers' attention to the need to conduct multi-level and multi-disciplinary studies on embodied aging.
Bodily perception and action
Here, we will focus on age-related changes in bodily perception and action by introducing eight neuronal mechanisms (N1-N8; see Table 1 for an overview) and four functional consequences (F1-F4; see Fig. 1 ) that have been associated with age-related changes in embodiment. The list of eight neuronal mechanisms is not exhaustive. The mechanisms, introduced in modality-specific sections, provide the critical neurobiological links between age-related changes in perception and action on the one hand and age-related changes in cognition on the other hand, as will be discussed in later sections (see Sections 4-8).
Touch
Touch is fundamental to our internal and external sense of reality. It is essential for motor coordination and object handling, and it allows a direct and immediate interaction with the world around us. Tactile information can be transported both via myelinated A-beta mechanoreceptive afferents (discriminative touch) and non-myelinated C tactile (CT) afferents (affective touch). In this section, we focus only on discriminative touch, as pleasant touch will be discussed in a later section (2.3. Interoception).
Age seems to negatively affect sensory tactile abilities (F1: Elevated sensory thresholds; see Fig. 1 ). For example, performance on the twopoint discrimination task, which tests the ability to spatially distinguish two needles applied to the skin surface, decreases with age (Cole, 1991; Desrosiers et al., 1999; Ranganathan et al., 2001; Kalisch et al., 2009; Lenz et al., 2012; Bowden and McNulty, 2013a,b; Vieira et al., 2016) . Performance on the grating orientation task, where participants have to judge the orientation of objects that vary in groove width applied to their skin, also declines with age (Sathian et al., 1997; Remblay et al., Table 1 Overview over empirical evidence that supports the eight neuronal mechanisms as integrated into the NFL Framework of Embodied Aging (see Fig. 1 ).
2000). Similarly, older adults are impaired in their ability to perform tactile time judgments, such as the detection of small temporal gaps within trains of tactile stimuli (Van Doren et al., 1990; Humes et al., 2009) , the discrimination of two subsequent touches on the skin (Hoshiyama et al., 2004; Ramos et al., 2016) , and the determination which of two subsequently applied tactile stimuli came first (Brown and Sainsbury, 2000) .
Decreased intracortical inhibition and the associated expansion of neuronal representations in older adults is one neuronal mechanism that has frequently been related to increased spatial and temporal tactile discrimination thresholds in older adults (N1: Decreased intracortical inhibition/more neuronal activation; see Fig. 1 and Table 1 ). This view is supported by decreased inhibitory responses in the somatosensory system of older adults after repeated tactile stimulation (Sebastián and Ballesteros, 2012; Cheng and Lin, 2013; Heise et al., 2013; Strömmer et al., 2014; Cheng et al., 2015) , enlarged cortical representations in the primary somatosensory cortex when perceiving touch (Kalisch et al., 2009; Brodoehl et al., 2013; Pleger et al., 2016 , but see Reuter et al., 2013) , and during haptic recognition (Sebastián et al., 2011) . Decreased intracortical inhibition also correlates with impairments in tactile abilities (Pellicciari et al., 2009; Lenz et al., 2012) , and increased stimulus persistence is regarded as one reason for the reduced temporal discrimination thresholds in older adults (Botwinick, 1978; Humes et al., 2009) . Finally, the number of GABAergic interneurons declines with age (Lehmann et al., 2012) , as do presumptive inhibitory synapses in cortical layer II of the primary somatosensory cortex (Poe et al., 2001) .
A widening of spatial tuning curves in the firing pattern of neurons also seems to play a role in the degraded tactile abilities in older adults (N2: Widening of spatial tuning curves; see Fig. 1 and Table 1) , and it partly explains the enlarged neuronal representations (Engle et al., 2013; Strömmer et al., 2014) . For example, the receptive fields of somatosensory neurons in rats increase with age and overlap with the receptive fields of other neurons coding for different areas on the skin (Spengler et al., 1995; David-Jürgens et al., 2008) . Age-related widening of neuronal tuning curves has also been observed for neurons in visual (Schmolesky et al., 2000) and auditory cortices (Juarez-Salinas et al., 2010; Engle et al., 2013) in monkeys. Additionally, the increased sharpening of tuning curves from primary to secondary areas, as observed in young animals, is dramatically reduced in older animals (Juarez-Salinas et al., 2010) . The prevalence of this phenomenon across different modalities and species suggests a general mechanism underlying some of the functional changes that occur with age (Engle et al., 2013) .
The ability to differentiate two tactile stimuli that vary in intensity seems to be preserved in older adults, at least when stimuli are adjusted to individual tactile detection thresholds (Gescheider et al., 1996) . This motivated the hypothesis that there are elevated levels of internal neuronal noise in the sensory system of older adults than among younger adults (N3: Elevated levels of internal noise; see Fig. 1 ) (Gescheider et al., 1996) . Elevated levels of internal neuronal noise would explain age-related difficulties in discriminating stimuli with amplitudes close to noise levels, and increased detection thresholds of mechanical forces and vibration with age, but preserved amplitude discrimination abilities when stimuli are presented at stronger forces (cf., F1; see Fig. 1 ).
Tactile detection abilities on the index finger significantly worsen with age, even over a period of three years (Desrosiers et al., 1999) . Similarly, the ability to detect mechanical forces using fine hair stimuli declines with age (Bowden and McNulty, 2013a,b) , and when vibratory stimulation is applied to the skin surface, older adults have significantly higher detection thresholds than younger adults (Goble et al., 1996; Perry, 2006; Humes et al., 2009 ). The latter effect seems to be stronger for high-than for low-stimulation frequencies (Humes et al., 2009 ). In addition to elevated levels of internal neuronal noise, as discussed above (cf., N3), deteriorated input pathways due to neuronal loss and/ or demyelination may also be responsible for these effects (N4: Deteriorated input pathways; see Fig. 1 ) (Gong et al., 2014; Betts et al., 2016) .
Age-related decline in tactile sensitivity seems to differ across body parts. Tactile sensory impairments in older age are less evident at the lower arm and calf, stronger at the hands and face, and strongest at the feet (Stevens and Choo, 1996; Stevens et al., 2003) . This is in line with the observation that neuronal receptive fields in the somatosensory cortex of old rats are increased for the hindpaws, while those for the forepaws are not affected by age (Godde et al., 2002) , which is in accordance with the distal-to-proximal hypotheses of sensory aging (N5: Distal-to-proximal progression of impairments; see Fig. 1 ). This hypothesis states that due to the reduced rate of information transfer along axons, distal body parts are more impaired in sensory perception than proximal body parts in older adults (Shaffer and Harrison 2007) . This hypothesis relates to different sensory and motor qualities, as will be discussed below (Section 2.4, 2.6, 5.1).
Aging also seems to impair the ability to localize touch on the body (F2: Impaired spatial body perception; see Fig. 1 ). In one study, the ability to localize seven locations on the arm was compared between older and younger participants. Group differences appeared when tactile stimulation was applied to the middle of the arm but disappeared when it was applied closer to major anatomical landmarks, such as the elbow or the wrist (Cholewiak and Collins, 2003) .
Older adults also seem to present differences in the speed of tactile integration across hemispheres (N6: Less efficient inter-hemispheric integration; see Fig. 1 ). In Brown and Sainsbury (2000) , participants judged whether or not pairs of tactile stimuli that were applied to the left and right index fingers or to the index and middle fingers of one hand were delivered simultaneously. The authors calculated interhemispheric transfer times by taking the difference between the means of the bimanual condition and the combined means of the unimanual conditions. Older participants had longer inter-hemispheric transfer times than younger participants, which was interpreted as a slowing of tactile neuronal transfer across hemispheres. This finding accords with the reduced responsivity of the corpus callosum in older adults, compared with younger adults, during tactile stimulation (Brodoehl et al., 2013) . Altered inter-hemispheric inhibition in older adults seems to be linked to different sensory, motor, and cognitive deficits, as will be outlined below (Section 2.4, 2.5, 5.1; see Fig. 1 for an overview).
Vestibular processing
The vestibular system has its primary receptors in the inner ear, and it detects body position and self-motion in three-dimensional space. The vestibular system conveys signals with respect to body position and head position to the perceiver, and it plays important roles in the reflexive control of eye gaze, head movement, and body position. The degeneration of the vestibular system with age is not uniform, and wellcontrolled studies on the underlying causal neuronal mechanisms, behavioural consequences, and clinical implications are currently lacking (Brosel et al., 2016; Martins et al., 2016) . Here, we provide a brief overview of available evidence.
The semicircular canals, which sense angular head rotation, seem to show the most profound degeneration in older age. The hair cells in all canals decrease 40% by age 80 (Rauch et al., 2001 ), but the saccule and utricle experience only a 25% reduction with age (Matheson et al., 1999) (N7: Fewer primary receptors; see Fig. 1 ). Accordingly, older adults show particular impairments in sensing head direction as evidenced by impairments in the vestibular-ocular reflex Baloh et al., 2001) . The vestibular-ocular reflex measures stable vision during head motion by rotating the eyes in the direction opposite to head rotation. Hsieh et al. (2014) measured age-related declines in the vestibular system by cross-correlating eye velocity and head velocity during head movements in different age groups (Hsieh et al., 2014) . They found reduced cross-correlation coefficients in older adults (particularly when they had their eyes open) and significant correlations between the cross-correlation coefficient and age. This indicates that eye adjustments during head movements are impaired in older adults. Similarly, the so-called head shake test measures the ability to adjust eye movements when the head is passively moved in either direction. Older adults tend to show elevated nystagmus (fast eye movements), which indicates impairments in the ability to adjust eye movements during the test (Kristinsdottir et al., 2001; Ekvall Hansson and Magnusson, 2013; Larsson et al., 2016) .
Older adults also seem to have decreased detection thresholds for passive body movements in lateral translation (sway), up/down translation (heave), and anterior/posterior translation (surge) (Roditi and Crane, 2012) , a reduced sensitivity to gravity and linear acceleration (Igarashi et al., 1993; Walther and Westhofen, 2007) , and show altered gravitational integration for postural control (Serrador et al., 2009 ). These deficits impair motor and spatial navigation abilities, as will be discussed below (Section 2.6, Section 6; see Fig. 1 ).
Interoception
Interoceptive awareness describes the ability to perceive signals stemming from inside the body, such as temperature, pain, hunger, or heartbeats. Interoceptive awareness signals the need to drink or to eat, and provides information on the emotional state, such as fearfulness and arousal. The posterior and anterior insula, and the adjacent frontal operculum represent interoceptive signals in the cortex (Critchley et al., 2001; Craig 2002; Kuehn et al., 2016) . Individual interoceptive awareness is often measured via the ability to feel one's own heartbeat (Critchley et al., 2001; Craig 2002; Kuehn et al., 2016) . Using a task where both younger and older participants were asked to compare the frequency of their own heartbeats to the frequency of external tones, Khalsa et al. (2009) showed that the accuracy in solving this task declines significantly with age. Heartbeat detection accuracy also correlates negatively with age. This indicates that interoceptive sensitivity is decreased in older adults (cf., F1; see Fig. 1 ).
Soft touch has also been used to study interoceptive abilities. In particular, the newly discovered unmyelinated CT fibres arrive in the cortex via the posterior and anterior insula, and they have similar ascending pathways as interoceptive signals that stem from inside the body. CT fibres are particularly activated when slow, soft touch is applied to hairy skin (Löken et al., 2009; Morrison et al., 2011) , and have been related to affective and reward-like responses in the brain (Olausson et al., 2002; Björnsdotter et al., 2010; Morrison et al., 2011) . May (2004) investigated the responsivity of different brain areas to soft touch stimulation by means of functional magnetic resonance imaging (fMRI) in young and older participants. The bilateral posterior insula showed lower blood oxygenation level-dependent (BOLD) signal changes in older participants than in younger participants during soft touch stimulation, and there was a significant negative correlation between BOLD signal change in the bilateral insula and age. This finding suggests decreased sensitivity of the insula pathway in older adults towards interoceptive signals (cf., N4; see Fig. 1 ). This is in line with the findings of Good et al. (2001) , who showed that insula volume decreases with age (Good et al., 2001) . It is also in line with the findings of Sehlstedt et al. (2016) , who showed that the subjective intensity ratings of soft touch stimuli decline with age (Sehlstedt et al., 2016) . Interestingly, older people also rate soft touch stimulation as more pleasant than younger participants do, an effect that was not observed for olfactory stimuli (Sehlstedt et al., 2016) . This may be linked to the tendency of older adults to perceive bodily stimuli as more positive than young participants (discussed in Section 7.2).
Decreased interoceptive sensitivity in older adults is in accordance with their decreased sensitivity to oesophageal pain (Lasch et al., 1997) , to acute pain related to visceral pathology (for review see Gagliese 2009 ), and to rectal distension (Lagier et al., 1999) . In addition, there is evidence that older adults have declined perception of hunger signals from the stomach and of gastric distension (Rayner et al., 2000; Mulligan et al., 2002) , and they forget to drink (Young and Inouye, 2007) . Here, the first clear relationship between dysfunction in basic sensory body perception (decreased interoceptive awareness, cf. F1; see Fig. 1 ) and a daily life consequence (dehydration, cf., L1: Decreased perception of hunger and thirst; see Fig. 1 ) emerges. Decreased interoceptive awareness may also relate to age-related changes in decision making, as will be outlined later (Section 7.3).
Proprioception
The proprioceptive system, also called muscle sense, conveys information about the position, the movement, and the muscular force of the body. Afferent receptors are muscle and joint receptors and deep skin receptors. The proprioceptive system allows tracking the position of the body also in the absence of visual input. Similar to other sensory modalities, older adults have lower proprioceptive sensitivity than young people (cf., F1; see Fig. 1 ) (for a review see Goble et al., 2009 ). This has traditionally been related to a degradation of the peripheral mechanoreceptors in muscles, skin, and joints (cf., N7: Fewer primary receptors; see Fig. 1 ) (Shaffer and Harrison, 2007) and decreased proprioceptive feedback at the central level (cf., N4: Deteriorated input pathways; see Fig. 1 ) (Goble et al., 2011) .
Proprioceptive degradation in older adults is particularly apparent in the lower limbs and the hand; this finding accords with the distal-toproximal theory of sensory impairment (cf., N5; see Fig. 1 ). For example, older adults move more when standing (Baltich et al., 2015) , are particularly impaired in controlling medio-lateral movements while standing (Yeh et al., 2015) , show decreased dynamic position sense at the ankle (Verschueren et al., 2002; Madhavan and Shields, 2005) , and are less stable while walking (Schrager et al., 2008) , whereas proprioception at the knee, hip (Karanjia and Ferguson, 1983; Pickard et al., 2003) , and shoulder (Schaap et al., 2015) often seems preserved. Older adults also show decreased position sense at the hand, such as when they are asked to judge the position of individual fingers (Ferrell et al., 1992) , but often seem to have preserved abilities to perform joint position matching tasks with the arm (Wang et al., 2012; Boisgontier and Nougier, 2013; Schmidt et al., 2013; Boisgontier and Swinnen, 2015) .
Some deficits in proprioception may have their origin in deficits in motor control. When participants were, for example, asked to place their left arm in a similar position as their right arm in the absence of any vision, older participants performed similar to younger participants in most conditions. Older adults showed impairments only when their arm was placed at unusual positions, which may have been due to the increased difficulty older adults face in reaching such a position by muscular force (cf., F3: Motor, movement, and coordination impairments; see Fig. 1 ) (Boisgontier and Swinnen, 2015) .
Similar to the tactile system, in proprioception, there seem to be age-related impairments in the efficient integration of information across hemispheres (cf., N6). In a position matching task, the magnitude of matching errors was greater when older adults were asked to mirror the position of one arm with the contralateral arm, but it was comparable to the magnitude of younger participants when they were asked to mirror the position with the same, ipsilateral arm (Schaap et al., 2015) . The authors speculated that an increased signal-to-noise ratio during inter-hemispheric transfer might explain the observed effects. This may also relate to the increased levels of neuronal noise, as has been assumed to occur in the tactile sense (cf., N3; see Fig. 1 ).
There is also evidence for an altered laterality bias in older adults. When young and older participants were asked to bisect horizontally presented lines via touch and proprioception (without vision), both age groups tended to bisect them to the left of the true centre (Brooks et al., 2011) . However, older adults showed a stronger bias towards the left than did younger participants (for a review see Jewell and McCourt, 2000) . This differs from visual spatial tasks, where older adults tend to show a rightward bias (Takio et al., 2013; Benwell et al., 2014) .
Performance differences between young and older participants in proprioceptive tasks sometimes occur only when participants are forced to execute movements fast and not when they are allowed to conduct them in their own pace (Wu and Hallett, 2005; . This relates to another neuronal mechanism that changes with age, i.e., the speed of neuronal information processing (N8: Reduced neuronal processing speed; see Fig. 1 ). In the proprioceptive system, this idea is supported by a delayed N1 component, as measured by event-related potentials (ERPs) during passive ankle movements in older adults (Toledo et al., 2016a (Toledo et al., , 2016b . There is also evidence for a delayed processing speed in other domains, as discussed below (Sections 2.5, 4; see Fig. 1 ).
Manual motor control
Older adults show declined dexterity in a number of manual tasks, which can lead to problems carrying out even simple everyday movements (Bowden and McNulty, 2013a ,b) (F3; see Fig. 1 ). Muscle cocontraction, for example, describes the tendency of aged individuals to activate more muscles around the joints than would be necessary to carry out a movement, for example during grip tasks (Diermayr et al., 2011) , or while standing (Cenciarini et al., 2010) . It is still under debate whether muscle co-contraction can be explained by decreased proprioceptive abilities (Madhavan and Shields, 2005) and/or may be a compensatory strategy in older adults to overcome the limitations of tactile feedback (cf., N4, N7, F1; see Fig. 1 ) (Nowak et al., 2001; Diermayr et al., 2011; Craig et al., 2016 ; see also Tremblay et al., 2005; Bowden and McNulty, 2013a,b) .
As previously mentioned, another neuronal mechanism that may explain decreased manual dexterity in older adults is their stronger inter-hemispheric coupling or decreased inter-hemispheric inhibition (cf., N6; see Fig. 1 ) (Talelli et al., 2008; Levin et al., 2014) . During unimanual hand movements, associated activity in the non-moving hand is higher in older compared to younger adults (Ward and Frackowiak, 2003; Naccarato et al., 2006; Riecker et al., 2006; Ward et al., 2008; McGregor et al., 2011; Davidson and Tremblay, 2013; McGregor et al., 2013; Zapparoli et al., 2013; Heetkamp et al., 2014; Solesio-Jofre et al., 2014) , and the characteristic asymmetric desynchronization, which arises contralateral to the responding hand, is largely reduced in older adults . In addition, older adults are particularly impaired in performing bimanual tasks where both hands are performing conflicting movements, such as when the two hands are moving out-of-phase (Bangert et al., 2010) . Fling et al. (2011) showed that better performance in a bimanual task where both hands moved asynchronously was associated with a larger size and more intact microstructure in the corpus callosum of older adults (Fling et al., 2011) . The authors suggested that structural changes in the corpus callosum are accompanied by decreased inter-hemispheric inhibition, which leads to decreased performance on bimanual tasks. Similarly, Solesio-Jofre et al. (2014) indicated that degraded abilities to carry out a bimanual visuo-motor task, where participants were asked to track a target with their hands occluded from view, correlated with increased inter-hemispheric coupling between sensorimotor cortices (Solesio-Jofre et al., 2014) .
Muscle co-contraction and less efficient inter-hemispheric coupling are neuronal mechanisms that partly overlap with the concept of increased neuronal dedifferentiation (cf., N1; see Fig. 1 ) (Bernard and Seidler, 2012) . Neuronal dedifferentiation is often evidenced in the motor cortex by a higher neuronal activation among older participants than among younger participants when performing motor movements (Peinemann et al., 2001; Ward and Frackowiak, 2003; Wu and Hallett, 2005; Riecker et al., 2006; Bernard and Seidler, 2012) , even if the task is matched in difficulty (Heuninckx et al., 2005) . This elevated activity during simple motor movements correlates positively with reaction times in a visuo-motor task (Bernard and Seidler, 2012 ; see also Riecker et al., 2006 for a similar point). In addition, decreased GABAergic inhibition has been related to problems with inhibiting motor responses in older adults . However, there is also evidence that increased activity in the motor system during bimanual movements improves coordinative abilities in older adults, which would suggest compensatory activation rather than dedifferentiation as a reason for the elevated activation (Goble et al., 2010) .
Finally, similar to other modalities, motor responses are slowed in the aging population (cf., N8; see Fig. 1 ), causing slower reaction times during motor tasks. Reaction times and delayed motor movements increase linearly with age (Cespón et al., 2013) . This may be due in part to differences in preparatory action planning between older and younger adults: Older adults seem to prioritize accuracy over speed (Salthouse and Somberg, 1982; Goggin and Stelmach, 1990; Smith and Brewer, 1995) , and show reduced preparatory changes in corticospinal facilitation in go/no-go tasks (Fujiyama et al., 2012) .
Gait and walking impairments
Very common motor deficits in older adults are problems with controlling gait while standing and walking (Owings and Grabiner, 2004 ) (cf., F3: Motor, movement, and coordination impairments; see Fig. 1 ). Interestingly, also here, impaired bodily sensory abilities can sometimes explain impaired motor control. One causal mechanism for decreased motor skills in older adults is their impaired sensitivity to detecting vestibular signals (cf., N4, N7, F1; see Fig. 1 ). Loss of vestibular function has been related in particular to dizziness, walking impairments, and increased risks of falls, a major factor that reduces autonomous living (L2: Increased risks of falls; see Fig. 1 ) (Fife and Baloh, 1993; Pothula et al., 2004; Murray et al., 2005; Ekvall Hansson and Magnusson, 2013; Liston et al., 2014; Chau et al., 2015; Semenov et al., 2016) . Vestibular dysfunction seems in this respect to be highly relevant for autonomous living in older adults and should perhaps be attended more by basic and applied research. As a possible compensatory mechanism for the reduced vestibular input, older adults may show a higher head-trunk correlation while walking than young people because this may reduce the complexity of postural control (Deshpande and Patla, 2007) .
In addition to vestibular degeneration, reduced lower limb proprioception (cf., N5: Distal-to-proximal progression of bodily impairments; see Fig. 1 ) has been related to fall accidents (cf., L2; see Fig. 1 ) (Lord et al., 1999) , and balance problems (Madhavan and Shields 2005) . Tactile deficits also seem to relate to gait and walking impairments: Widened tuning in neurons coding for the hindpaws of rats is related to impaired walking behaviour (Spengler et al., 1995) .
Internal inverse and forward modeling
Age-related differences in motor control and sensory perception may partly be linked to difficulties in action planning and adapting to sensorimotor perturbations. To plan, control, and learn actions efficiently, multiple internal inverse and forward models are used to simulate the behaviour of the body and the environment (Wolpert and Kawato, 1998; Wolpert and Flanagan, 2001; Wolpert et al., 2011 ). The inverse model provides the motor commands that would be necessary to carry out a certain action. The corresponding forward model represents a prediction about the sensory consequences of that action for which an efference copy of the respective motor command is used. These predictions are supported by learned regularities. For example, during object lifting, information about the characteristics of an object (e.g., size and texture) is used to generate a prediction about its weight. Bernard and Seidler (2014) proposed that forward modeling is particularly affected by aging, although inverse modeling may also be modified (F4: Impaired internal modeling; see Fig. 1 ). The authors link age-related difficulties in the formation of new internal models and/or the degradation of existing models to age-related changes in cerebellar functioning and/or a disruption of its connections to cortical motor areas, and the basal ganglia. Age-related deficits in sensorimotor adaptation have further been associated with changes in striatal functioning, which is thought to be responsible for the retrieval of appropriate sensorimotor representations after changes in the environment (King et al., 2013) . For example, functional connectivity between the striatum and sensory or motor cortices has been shown to change with age, which was negatively correlated with performance on a motor learning task (Marchand et al., 2011) .
Other evidence suggests that internal modeling may remain relatively preserved with age as long as it concerns simple movement sequences, whereas it becomes imprecise in conditions of higher task complexity or when flexible adaptations to changes in the environment are required (Saimpont et al., 2013) . For example, older adults in their mid-sixties exert comparable levels of anticipatory grip force control during self-initiated object lifting and holding, but only for simple tasks such as two-digit grasps, whereas age group differences emerge when more fingers are involved, or when new information needs to be incorporated (Diermayr et al., 2011) .
The adaptation to visual or visuo-motor distortions is impaired in older compared to younger adults, although both groups show similar levels of sensorimotor recalibration (Buch et al., 2003; Bock, 2005; Seidler 2006; Hegele and Heuer, 2010) . Recalibration in these paradigms has been typically defined as the magnitude of after-effects following removal of visuo-motor distortion, and therefore, it relates to the modification of internal (inverse) models. Thus, age-related declines in sensorimotor adaptation appear to rely on difficulties in other task components such as movement corrections and updating based on visual feedback. Older adults also exhibit a higher number of corrective sub-movements during a self-timed motor task in order to attain the level of performance observed in younger adults (Boisgontier and Nougier, 2013 ; see also Sarlegna, 2006) . Additionally, the mismatch negativity is attenuated and delayed in older adults (Strömmer et al., 2014) . The mismatch negativity is typically measured with event-related potentials (ERPs), and measures the ERP elicited by a deviant tactile stimulus in a background of homogenous tactile stimuli.
From a neurocomputational modeling perspective, these changes might be taken as an indicator of a brain that progressively optimizes its internal models over the lifespan, leading to a complexity reduction (higher generalization, or dedifferentiation, cf., N1; see Fig. 1 ), and an attenuation of bottom-up error signals used to update internal models (Moran et al., 2014) . In constant and/or familiar environments, older adults' internal (forward) models may be appropriate to predict sensorimotor contingencies in an efficient manner, whereas the younger brain is more accurate in accommodating subtle or short-term changes in sensory input and forming new internal models in response to novel sensory input. This has consequences for a number of behaviours, such as inhibiting motor plans that have been primed beforehand, with which older adults have been shown to have problems (cf., F3; see Fig. 1 ) (Potter and Grealy, 2006; Rossit and Harvey, 2008; Trewartha et al., 2009 ), but also more complex cognitive skills as will be outlined below (see Fig. 1 for an overview).
Integration of bodily signals
Above, we have considered age-related changes in bodily perception for single modalities, such as touch, the vestibular sense, interoception, and proprioception, and for the motor domain. By introducing eight neuronal mechanisms (N1-N8) and four functional consequences (F1-F4), and by highlighting the relevance of these deficits for daily living (L1-L2), we have introduced the basic building blocks of the NFL Framework of Embodied Aging (summarized in Fig. 1 ). Next, we will introduce age-related changes in bodily cue integration while referring to the neuronal mechanisms described above.
Multisensory integration
Age-related increases in temporal discrimination thresholds occur for multimodal stimuli in the same way as they do for unimodal stimuli (Poliakoff et al., 2006a,b) . In a study by Poliakoff et al. (2006b) , for example, discrimination thresholds (just noticeable differences) between visuo-tactile stimuli were higher for older than for younger participants. This suggests a widened window for the integration of body-related signals across space and time (F5: Increased multisensory integration/sensory weighting problems; see Fig. 1 ). Indeed, experiments revealed an enhanced integration of visual and tactile stimuli in older adults (Poliakoff et al., 2006b) , especially when the spatial integration window was tested (Poliakoff et al., 2006a; Couth et al., 2016) . This pattern is similar to the enhanced integration between (non-body) auditory and visual cues in older adults (Diederich et al., 2008; Diaconescu et al., 2013 ) and may be due to an age-related widening of spatial tuning curves at the neuronal level (cf., N2; see Fig. 1 ). Importantly, increased integration of visual and tactile stimuli correlates with the frequencies of falls (cf., L2: Increased risk of falls; see Fig. 1 ), indicating that altered multimodal integration in older adults may be a potential risk factor that is relevant for health care (Mahoney et al., 2014a) . Brodoehl et al. (2015) suggested that increased multisensory integration in older adults (cf., F5) is an epiphenomenon of decreased unisensory processing capacities, such as of tactile cues (cf., N4, F1; see Fig. 1 ). Also Diederich et al. (2008) and Diaconescu et al. (2013) argued that increased multisensory integration serves as a compensating function for decreased processing of unisensory stimuli in older adults. Diaconescu et al. (2013) detected a correlation between age-related increases in multisensory integration and increased activation in the posterior parietal and medial prefrontal areas, which are possible neuronal substrates for this effect.
A different explanation for enhanced multisensory integration in older adults was proposed by Mozolic et al. (2012) . According to them, older participants have difficulty in suppressing irrelevant background noise, which is related to a neuronal mechanism introduced earlier (cf., N3; see also Fig. 1 ). According to this view, background stimuli are automatically processed and integrated with relevant information, which may lead to increased multisensory integration. Finally, the idea that increased multisensory integration is related to deficits in attention (see Section 4) is corroborated by Hugenschmidt et al. (2009) , who found that multisensory integration can be reduced by focusing attentional resources on one specific modality.
Weighting of bodily cues
In addition to an apparently sometimes widened window for multisensory integration, older adults have difficulties adjusting the sensory weights of different bodily signals according to the principle of optimal sensory integration (cf., F5; see Fig. 1 ). In one study, younger and older participants were asked to lift different objects. The colour of the object indicated to them which weights or surface properties the objects had. Young participants were able to use the colour code to scale their grip force to the respective object, whereas older adults did not take advantage of the colour coding; rather, they made use of a default scaling scheme (Cole and Rotella, 2002) . This may indicate less weighting of vision in a proprioceptive/motor task in older adults, when the integration of visual cues would have in fact been beneficial.
There is also evidence that older adults do not decrease the weight of sensory input even when those senses become deteriorated. Zhang and Deshpande (2016) investigated whether older adults reduce the weighting of discordant vestibular input and use available visual information to compensate for vestibular disturbances while walking. Although age-related differences were small, they found that older adults showed reduced abilities to downweight disrupted vestibular input to control head stability. Similarly, Deshpande and Patla (2007) found that young people showed no further increase in path deviation when vestibular disturbance was increased, whereas older adults did. The authors suggested that young participants reweight the vestibular input in favour of visual input when disturbances increase, whereas older adults do not. Similarly, in a proprioceptive-motor task, younger and older participants were asked to control their balance while standing on a platform. When visual feedback in the standing position was delayed, older adults were more affected than young participants, which was interpreted as a tendency among older adults to rely on visual feedback even when vision is disrupted (Yeh et al., 2014 ; see also Camicioli et al., 1997; Bugnariu and Fung, 2007) .
There are different reasons why older adults may be impaired in adjusting sensory weights based on Bayesian principles. One reason may again be their impaired sensory processing capacities (cf., F1, N4; see Fig. 1 ). For example, the impaired modulation of vestibular input despite deterioration was interpreted as compensatory strategy: Older adults may increase their sensitivity to vestibular input to compensate for age-related peripheral structural degeneration (Pyykkö et al., 1990; Kobayashi et al., 2002; Sun et al., 2014) . This would lead to decreased abilities to lower sensory weight when necessary. Jahn et al. (2003) suggested that this age-related increase in vestibular weighting may even change over time: Whereas earlier vestibular disturbances that are related to hair cell loss (cf., N7; see Fig. 1 ) would lead to increased weighting of vestibular cues, later in life, when nerve fibres degenerate, this compensatory sensitivity may break down, which then results in a decreased weighting of the vestibular sense (Jahn et al., 2003) . This would explain higher weighting of vestibular cues in the early phases of degeneration but the lower weighting of vestibular cues in later phases of degeneration.
A second possible explanation of difficulties in sensory weighting, albeit not excluding the first, is that older adults may a have particular difficulty in rapidly reorganizing the hierarchy of the sensory inputs when required, which may relate to their internal modeling deficits (cf., F4; see Fig. 1 ) (Hay et al., 1996) . This hypothesis was developed based on the finding that older adults are able to adjust postural control when vision is absent. That is, they increase the weights of the proprioceptive system when necessary, but when another sensory modality is added (e.g., proprioception to vision-only), older adults appear less able to rapidly integrate this new information to adjust weights and increase performance (Hay et al., 1996) . Age-related atrophy in the association cortex, such as the posterior and inferior parietal cortex (Salat et al., 2004 ) and the brainstem (Tang et al., 2001 ) have been discussed as potential underlying neuronal substrates for these difficulties.
Bodily attention
In the first two sections, we focused on age-related impairments in bodily perception and action taking single-cue conditions (Section 2) and multi-cue conditions (Section 3) into account. We introduced eight neuronal mechanisms (N1-N8) and five functional consequences (F1-F5) associated with these impairments, and we highlighted the relevance of these impairments for daily living (L1-L2). In the following section, we will focus on age-related changes in bodily attention, and integrate these insights into the NFL framework (see Fig. 1 ).
Evidence regarding attention deficits in older adults (F6: Decreased attentional capacities) has typically pointed to impairments in the suppression of irrelevant stimuli. The decreased capabilities of older adults to inhibit non-attended cues is apparent in different modalities (Guerreiro et al., 2014) , including those where signals stem from the body. For example, Bolton and Staines (2012) applied tactile stimulation either to the index finger or to the small finger of younger and older participants. When comparing attended with non-attended sensory evoked potentials (SEPs), older participants showed a reduced P100 suppression of the non-attended finger than younger participants. Similarly, Valeriani et al. (2003) demonstrated that the N140 component was identifiable in young participants only when an electrical stimulus was attended to, while older adults showed the N140 component irrespective of whether the stimuli was attended to or not.
The ability of older adults to suppress irrelevant information has also been tested in studies using secondary attention-demanding tasks. Poliakoff et al. (2006a) tested several age groups in a visuo-tactile selective attention task, where participants were required to attend to one of either modality. Performance of older adults worsened significantly when attending to tactile stimuli and ignoring visual distractors but not in the reverse condition. The authors suggested that a reduced signal-tonoise ratio of the tactile modality in older adults (cf., N3) could explain these selective attention deficits. This may interact with the reduced capacity of older adults to inhibit irrelevant information (see also Hugenschmidt et al., 2009; Mozolic et al., 2012) , and older adults' general impairments in intracortical inhibition (cf., N1; see Fig. 1 ) (Poliakoff et al., 2006a; Anguera and Gazzaley, 2012; Sebastian et al., 2013; Strömmer et al., 2014) . Basic sensory processing deficits are therefore often interlinked with more cognitive, attention-related deficits. To provide another example, Boisgontier et al. (2014) used a proprioceptive matching task in which participants had to imitate the movements of one hand (passive) with the opposite hand (active). Both participant groups performed better when directing their attention towards the passive limb, but when their attention was drawn towards the active limb, older adults showed higher impairments than young participants. Performing a demanding secondary task also deteriorates postural control in older adults more than in younger adults (cf., F3; see Fig. 1 ) (Teasdale et al., 1993; Shumway-Cook et al., 1997; Brown et al., 1999; Brauer et al., 2001; Redfern et al., 2001 ). For instance, Goble et al. (2012) divided older adults into high and low attention/working memory groups based on their performance on a digit span task (Goble et al., 2012) . Performance on a subsequent proprioceptive matching task, where participants had to solve an additional cognitive test, was significantly worse for the low attention/working memory group than for the high attention/working memory group. Simultaneous performance of a postural task and a secondary task, however, may not lead to worse performance in older adults if the postural task is executed automatically. Age-related deficits are more likely to become apparent when postural control requires further central processing (Ruffieux et al., 2015) . This suggests deficits in recruiting attentional resources in older adults and may partly explain their problems with multi-tasking in everyday life (L3: Reduced capacity for multitasking; see Fig. 1 ).
Older adults also invest more attentional resources in motor control than young people (Maki et al., 2001; Huxhold et al., 2006) . This has often been explained as a compensatory strategy to overcome decreased task-specificity, i.e., neuronal de-differentiation (cf., N1; see Fig. 1 ) (Cabeza 2002; Logan et al., 2002; Reuter-Lorenz, 2002; Buckner, 2004) . For instance, Vallesi and Stuss (2010) used a task with two levels of nogo trials: high-conflict trials and low-conflict trials. Participants were required to give a response by pressing a key with either hand. The authors calculated the lateralized readiness potential (LRP) using EEG as a measure of unilateral preparation. Although older and younger participants were matched in performance, older participants demonstrated a greater LRP not only in high-conflict conditions but also in low-conflict no-go conditions. Moreover, older participants with larger LRPs during no-go trials were quicker to respond in go trials, which suggests that this additional recruitment of attentional resources is needed for successful task performance (see also Li et al., 2001 ). This has consequences for daily life: Divided attention or dual task-paradigms are able to predict the risk of falling (Verghese et al., 2002; Springer et al., 2006) , in addition to neuropsychological studies that link deficits in executive attention with the risk of falling (cf., L2; see Fig. 1 ) (Holtzer et al., 2007) .
Decreased attentional capacities in older adults could also explain their slower sensory processing (cf., N8; see Fig. 1 ). For example, the P300 component is regarded as a marker of processing speed (Gaál et al., 2007; Riis et al., 2009) , and its latency seems to be longer in older than in middle-aged and younger adults (Reuter et al., 2013) when elicited by tactile stimulation of the fingertip. In light of the evidence presented above, the reduced sensorimotor processing speed could be partially explained by the difficulties that older adults face in applying focused attention or controlling their attentional focus to increase the saliency of pertinent sensory stimuli (cf., N3; see Fig. 1 ).
Body and space
Above, we were concerned with age-related impairments in embodiment, taking single-cue conditions (Section 2) and multi-cue conditions (Section 3) into account. We also highlighted the multiple interactions between associated neuronal mechanisms and deficits in bodily attention and as well as functional consequences (Section 4). So far, eight neuronal mechanisms (N1-N8) and six functional consequences (F1-F6) were described, and we highlighted the relevance of these impairments for daily living (L1-L3). In the NFL Framework of Embodied Aging (see Fig. 1 ), these categories link age-related changes in embodiment to neurobiological mechanisms, functional consequences, and everyday life impairments. In the current section, we addressed the relevance of age-related changes in embodiment as introduced above to more complex cognitive functions such as the perception of space.
Spatial reference frames
Our body influences the way we perceive the environment. In particular, stimuli close to the body are processed differently from stimuli that are more distant from the body, which may relate to an increased readiness for potential incoming hazards (Graziano and Cooke, 2006) . This area of enhanced processing ('peripersonal space') can be defined as the space immediately accessible around our hands and body, whereas 'extrapersonal space' would refer to the area that is not within the reach of the arm (Rizzolatti et al., 1997; Holmes and Spence, 2004) .
Prior studies have noted an expanded representation of peripersonal space in older adults (cf., F2; see Fig. 1 ) (Gabbard et al., 2011 , but see Gabbard and Cordova, 2013) . In particular, Poliakoff et al. (2006a) showed that the visuo-tactile congruency effect, which is normally restricted to the space near the hand, was found in older adults also when visual distractors were presented near the unstimulated hand, in the contralateral hemispace (Poliakoff et al., 2006a ; see also Mahoney et al., 2014b) . This spatially extended congruency effect does not occur when visual distractors are presented farther away at the ipsilateral side (Couth et al., 2016) . Thus, in older adults, there seems to be a specific expansion of peripersonal space to the contralateral hemisphere, which may be related to their decreased inter-hemispheric inhibition (cf., N6; see Fig. 1 ). More research is needed to support this idea. In addition, older adults do not experience changes in their perceived distance to targets as a result of tool use as young adults do, which suggests that older people may be impaired in their capacity to perform visuo-motor remapping (Caçola et al., 2013; Costello et al., 2015) .
Current evidence also depicts age-related differences in the anchor points of reference frames between younger and older participants. Bloesch et al. (2013) conducted an experiment where participants were seated in front of a screen and were instructed to reach for targets turning green. A distractor was presented simultaneously, and the researchers evaluated at which spatial locations the distractor was most effective: While younger participants exhibited an increased response latency whenever the distractor was placed along the movement path of the hand, older adults exhibited increases in reaction times when the distractor was close to their body irrespective of the starting position of the hand. The researchers concluded that younger and older participants used different reference frames: Whereas young people may have used a 'hand-centred' reference frame, older people may have used a 'body-centred' reference frame. This switch may be caused by a degeneration of the neural mechanisms that support the perihand spatial representation, motivating the change towards a broader, trunk-based reference frame. This may relate to the distal-to-proximal hypothesis of sensory aging (cf., N5; see Fig. 1 ): Because sensory impairments are greater in distal than in proximal body parts, the latter may be used by older adults as spatial anchor points.
Distance perception
The perceived distance between one's own body and a static, external object is usually underestimated. Bian and Andersen (2013) demonstrated, however, that older adults outperform younger adults in the judgment of body-object distances (egocentric distances) between 4 and 12 m because older people showed this compression of space to a lesser extent than young participants. Sugovic and Witt (2013) interpreted this finding in terms of higher anticipated effort for reaching an object among older adults. Indeed, in contrast to those of younger participants, the distance judgments of older participants are influenced by the ground surface material they would have to traverse to reach the object, which supports the idea that age-related changes in the perception of egocentric distances are grounded in altered bodily capacities (Sugovic and Witt, 2013; Kandula et al., 2016) . According to this view, distances appear longer as it becomes more difficult to traverse them. This view is corroborated by studies showing intact perception of surface slant and depth cues in old age (Norman et al., 2004; Norman et al., 2009) , which are important cues for distance perception. In addition, Norman et al. (2015) showed that the differences in perceived distance between younger and older participants do not generalize to allocentric distances. The perception of egocentric distances between the observer and an object is subject to age-related changes, while the perception of allocentric distances between two external objects is not (see also Philbeck and Witt, 2015) .
Perspective taking and body-related imagery
Older adults seem to have a diminished capacity to perform bodyrelated imagery tasks (F8: Impaired body-related imagery; see Fig. 1 ), such as mental rotation of body parts, or perspective taking. For example, age-specific deficits do arise when people imagine simple movements or rotations of limbs but sometimes do not arise when they imagine the movement of objects (Saimpont et al., 2009; De Simone et al., 2013; Zapparoli et al., 2013; Wallwork et al., 2015) . These deficits are evidenced by increased reaction times of older adults in performing spatial body-related transformations (Zapparoli et al., 2013) . This difference usually increases when the amount of rotation increases and when the movements become more difficult to simulate (Saimpont et al., 2009 ). There are also reports showing a loss of correspondence between the timing of actual movements and mentally simulated movements in older adults, frequently involving arm or hand movements (Skoura et al., 2005; Personnier et al., 2010; Zapparoli et al., 2013) . This indicates deficits simulating those movements correctly.
Older adults seem to be particularly impaired in performing motor imagery tasks from a first-person perspective (Mulder et al., 2007) , and a growing body of evidence reveals age-related deficits in mental perspective-taking (Inagaki et al., 2002; Joanisse et al., 2008; Borella et al., 2014; Meneghetti et al., 2015; Montefinese et al., 2015; ZancadaMenendez et al., 2016) . For example, Inagaki et al. (2002) used two variants of Piaget's Three Mountain Task, where subjects either mentally rotate objects or imagine changes in their perspective to solve the task. Here, older adults showed greater impairments in the latter condition, while the ability to mentally rotate objects seemed relatively preserved (see Devlin and Wilson, 2010 for a similar point, but see De Beni et al., 2007; Watanabe and Takamatsu, 2014) .
Reduced tactile and proprioceptive input during real movements (cf., F1: Elevated sensory thresholds; see Fig. 1 ) could underlie the specific deficit in body-related mental rotation abilities in older adults. It may simply cause deficits to vividly simulate movements in mental rotation tasks that one has difficulty performing oneself (Mulder et al., 2007; Skoura et al., 2008; Saimpont et al., 2009 ). In addition, impairments in motor control (cf., F3) and internal modeling (cf., F4) could explain difficulties in simulating motor movements correctly (Saimpont et al., 2009 ).
Another explanation for the degraded body-related mental rotation and perspective-taking abilities in older adults is their use of visual compensatory strategies that account for degraded sensory and motor representations. This theory is supported by an over-recruitment of visual areas during imagined movements (Zapparoli et al., 2013; Zapparoli et al., 2016) , and by decreased BOLD signal changes in the supplementary motor area and precentral gyrus during motor imagery tasks . The abovementioned time disparity between actual and simulated movements also correlated with activity in occipitoparietal areas, instead of motor areas, in older adults (Zapparoli et al., 2013 , but see Malouin et al., 2010) .
Impaired inhibition of sensorimotor signals may also contribute to deficits in perspective-taking, as the conflict between current and imagined perspectives results in interfering sensorimotor codes that must be suppressed to perform optimally (May, 2004; Kelly et al., 2007; Avraamides and Kelly, 2010 , but see Kessler and Thomson, 2010) . For example, impairments in the inhibition of bodily cues seem to explain the differential performance between age groups in tasks where subjects must ignore physical body rotation and point to target objects as if they were in their original position (Joanisse et al., 2008) . In addition, older adults may experience deficits in perspective-taking due to vestibular degeneration (see Section 2.2), as recent reports highlight the importance of vestibular input for this task (Gardner et al., 2017) .
Spatial navigation
Aging is accompanied by impaired spatial perception and decreased spatial navigation abilities, which severely affect daily living (Lester et al., 2017 ) (F7: Impaired spatial perception, L4: Problems in spatial navigation; see Fig. 1 ). Spatial navigation -the ability to find one's way in complex environments -relies on deriving spatial information from multiple sensory cues, such as idiothetic cues that provide information about bodily movements. Idiothetic cues include those derived from motor efference copies, vestibular feedback, and proprioceptive cues, all of which can be used to keep track of one's own position and orientation and have been discussed above with respect to age-related changes (see Sections 2.2, 2.4, 2.6). Following primary sensory processing, these cues are first integrated in brainstem nuclei to yield estimates of angular and linear movement velocity. In primates, selfmotion information is further processed in parietal/superior temporal cortices (i.e., areas MST, VIP and 7a). The second type of cues are socalled allothetic or environmental cues that are external to the organism. Allothetic cues mainly comprise stable objects, such as landmarks and extended boundaries, that can be used to determine one's position and orientation relative to the environment. In primates, these cues are predominantly derived from visual perception, but other species also make heavy use of non-visual cues (i.e., auditory, olfactory and tactile stimuli). Finally, optic flow is a special type of allothetic cue as it provides visual self-motion information to the organism, similar to idiothetic cues. For this reason, it is unsurprising that areas MST and VIP are known to be multisensory structures that integrate optic flow and body-based cues to provide an integrated percept of self-motion (Gu et al., 2008) . The NFL Framework of Embodied Aging (see Fig. 1 ) may therefore be a useful framework also to explain age-related impairments in higher-level cognitive functions such as spatial navigation, as will be discussed below.
Self-motion perception and path integration
Clinical studies have shown that lesions to the vestibular system affect performance on path integration tasks in which participants have to use body-based cues to keep track of their position and orientation in space (Metcalfe and Gresty, 1992; Cohen, 2000; Péruch et al., 2005) . As aging is known to severely affect, for example, the integrity of the semicircular canals (cf., N7: Fewer primary receptors; see Fig. 1 ), older adults should be particularly impaired in measuring self-motion.
Consistent with this prediction, older adults commit more errors in perceiving the direction and speed of self-motion and are also impaired in using this information to regulate their walking speed (Ball and Sekuler, 1986; Warren et al., 1989; Berard et al., 2009; Roditi and Crane, 2012; Lalonde-Parsi and Lamontagne, 2015) .
Impaired perception of optic flow and body-based motion cues should result in deficits in judging the length of travelled distances and ultimately in reduced spatial orientation. In a virtual environment, Harris and Wolbers (2012) asked their participants to reproduce the distance of a visually presented forward motion (i.e., by covering the same distance twice). They reported a restricted range for responses in older adults, which resulted in an increased tendency to under-reproduce travelled distances (i.e., to stop too early). The same was found when participants were asked to reproduce turns by rotating the viewing perspective, which suggested a general deficit in path integration mechanisms (Harris and Wolbers, 2012) . It is important that many studies on spatial navigation in old age employ virtual reality animations in which path integration is based only on visual cues. In such paradigms, participants need to actively simulate their own movements through an environment (i.e., walking) and to overcome the mismatch between body-based and visual cues. As discussed previously (cf., F4, Sections 2.7, 5.3), older adults show difficulties in the mental simulation of movements (Schott and Munzert, 2007; Personnier et al., 2010) , which might contribute to the deficit in estimating the length of a travelled distance in virtual reality.
Nevertheless, age-related deficits in path integration were also found when participants were deprived of visual and proprioceptive cues, i.e., when they were passively transported in a wheelchair and asked to return to the starting location from the end of an outbound journey (Allen et al., 2004; Adamo et al., 2012) . In addition to changes in primary vestibular processing, such deficits in self-motion perception have also been linked to cortical changes such as neuron loss or reduced GABAergic inhibition in multisensory areas VIP and MT/MST (cf., N1) (Lich and Bremmer, 2014) . These changes can increase the level of noise, as discussed before (cf., N3; see Fig. 1 ), and broaden the directional tuning of motion-sensitive neurons (cf., N2; see Fig. 1 ), as shown in aged monkeys (Liang et al., 2010) . Importantly, however, path integration deficits are strongly attenuated when the outbound path is experienced via active walking (Allen et al., 2004; Adamo et al., 2012) , which suggests that motor efference copies and/or proprioceptive feedback can at least partially compensate for the impaired vestibular processing. This would be consistent with the notion that internal models of easy motor movements are preserved with age (cf., F4, Section 2.6). Furthermore, path integration performance under conditions of reduced vision (i.e., greater reliance on proprioceptive and vestibular information) differentiates between healthy and fall-prone older adults, which highlights the important role of multisensory integration deficits (cf., F5, L2; see Fig. 1 ) for autonomous living (Barrett et al., 2013) .
Cognitive mapping and route learning
Self-motion perception and path integration not only are relevant for maintaining orientation relative to one's immediate surroundings but also support the learning of unfamiliar environments. This process, often termed cognitive mapping, is more difficult for older adults (Iaria et al., 2009) ; this difficulty has been attributed to changes in hippocampal processing (i.e., reduced synaptic plasticity). However, vestibular deficits and altered processing of bodily cues (cf., N4, F1; see Fig. 1 ) are also contributing factors. Patients with vestibular lesions show structural changes in brain areas beyond the primary vestibular system, such as the hippocampus (Brandt et al., 2005) . Such changes (i) could be driven by the downstream effects of altered vestibular input on the head direction system, which provides a key spatial input to the entorhinal-hippocampal system, and (ii) should lead to general navigational deficits that would also affect navigation based on external cues (i.e., landmarks, optic flow). Patients with vestibular lesions indeed show deficits in visual navigation tasks (Brandt et al., 2005; Kremmyda et al., 2016) . Thus, altered vestibular processing in older adults could contribute to the well-established alterations in hippocampal processing and navigation based on visual cues. Recent work by Previc et al. (2014) provides initial evidence for such a link between impaired vestibular processing and impaired topographical memory in older adults.
A second mechanism by which vestibular changes could impair spatial navigation involves problems (cf. N4; see Fig. 1 ) with balance and postural control, which makes avoiding obstacles more difficult and increases the risk of falling (cf., N2; see Fig. 1 ). To counteract such deficits, older adults often employ more conservative adaptation strategies by taking slow, short and multiple steps (Caetano et al., 2016) and by prioritizing walking control over concurrent cognitive tasks (Simieli et al., 2015) . As a consequence, a reduced amount of attentional resources may be allocated to keeping track of both idiothetic and allothetic cues, which could result in reduced path integration and cognitive mapping performance. The above-outlined difficulties that older adults face in allocating attentional resources (cf., F6; see Fig. 1 ) and multitasking (cf., L3; see Fig. 1 ) could hence also increase the impairments in spatial navigation abilities (cf., L4; see Fig. 1) .
A further mechanism contributing to problems with cognitive mapping could be deficits in simulating movements in virtual environments (Schott and Munzert, 2007; Personnier et al., 2010) . Yamamoto and colleagues showed that older adults are especially impaired in generating cognitive maps when required to actively explore the layout of an environment in virtual reality (i.e., without bodily movements), which suggests that a general deficit in action simulation (cf., F4; see Fig. 1 ) may often contribute to age-related navigational deficits (Yamamoto and Degirolamo, 2012) .
Importantly, in humans, arguably the most frequent navigation task is not cognitive mapping (representing an environment's layout) but route navigation (repeating or retracing a previously walked route). Route knowledge is considered a form of procedural knowledge, and several studies have demonstrated declines in route learning in older adults (Barrash, 1994; Wilkniss et al., 1997; Moffat et al., 2001; Head and Isom, 2010; Wiener et al., 2012) . Successful route navigation requires the recognition of landmarks and places encountered during learning, knowledge about the sequence in which they were encountered, the selection of landmarks that are navigationally relevant (i.e., those at decision points), and the association of specific motor behaviours with these landmarks (e.g., turn right at the bakery). While the ability to freely recall or recognize objects or landmarks seen along a route is comparatively spared in old age (Cushman et al., 2008; Head and Isom, 2010; Zhong and Moffat, 2016) , aging has been associated with less accurate binding of motor decisions to landmarks (Head and Isom, 2010; Liu et al., 2011; Wiener et al., 2012; Zhong and Moffat, 2016) , which could be related to a more general deficit in stimulusresponse binding (Naveh-Benjamin et al., 2007; Naveh-Benjamin et al., 2009) . Importantly, stimulus response learning is thought to involve basal ganglia structures such as the caudate nucleus, which is indeed critically involved in route navigation (Hartley et al., 2003; Head and Isom, 2010) . Given that the caudate shows age-related volumetric and neurodegenerative changes at similar rates to the hippocampus (Betts et al., 2007; Raz et al., 2015) , altered stimulus-response binding in the caudate is likely to contribute to declines in route navigation.
Age-related deficits in embodied perspective taking (cf., F8, Section 5.3; see Fig. 1 ) are also highly relevant here because retracing a taken route necessarily requires the processing of landmarks and decision points from different viewpoints (Wiener et al., 2012) . The association between a stimulus (e.g., church) and a response (e.g., turn left) that was learned during the outbound path has to be adjusted according to the changed perspective during the inbound path. Indeed, tasks involving perspective taking have been shown to predict navigational skills (Kozhevnikov et al., 2006) , but direct evidence for a link between age-related perspective taking problems and deficits with route navigation is missing at present.
Social embodiment
The following section will address the implications of age-related deficits in embodiment as discussed above (N1-N8, F1-F8; see Fig. 1 ) for age-related changes in social cognition. Social cognition is an important component of everyday life and a prerequisite for an independent and satisfying lifestyle. Preserving social skills in older adults is therefore an important component to maintain high quality-of-life.
Inferring and anticipating the actions of others
Impaired internal modeling in older adults (cf., F4; see Fig. 1 ) seems to have direct consequences for social perception and social interaction. During action observation, internal forward models are used to generate predictions that are compared to the actual sensory input to infer and anticipate actions performed by others (Wolpert et al., 2003; Friston et al., 2011) . In this way, the perceiver exploits the sensorimotor system to reduce ambiguities and adapts to changes in the social environment. In older adults, the efficacy of this internal matching process seems to be compromised, particularly for more complex action sequences (see Section 2.7).
For example, the detection and discrimination of biological motion seems to be relatively preserved in older adults, particularly in conditions with natural and highly familiar motion patterns, such as walking (Norman et al., 2004; Pilz et al., 2010) . This indicates that older adults also rely on their sensorimotor experience (i.e., internal models) when discriminating biological motion, which may allow them to partly compensate for declines in low-level information processing (e.g., F1: Elevated sensory thresholds; see Fig. 1 ). However, age-related group differences emerge in more complex task conditions requiring, for example, higher spatiotemporal control (see Saimpont et al., 2013 for review) .
With respect to inferring the actions of others, Maguinness et al. (2013) showed that compared to younger adults, older adults were less sensitive in judging the perceived weight of a box lifted by a person, which reflects impaired abilities to take over the perspective of the observed person (L5: Impaired social skills; see Fig. 1 ). The impairment diminished, however, when more visual information about the box's weight was made available. Older adults were also less precise in predicting the time-course of actions partly occluded from view, which indicates difficulties in correctly anticipating forthcoming actions. However, their performance benefited from sensorimotor experience with the observed actions (Diersch et al., 2012) , which highlights that motor experience (cf., F3; see Fig. 1 ) shapes the ability to anticipate the actions of others and that internal forward modeling that becomes less efficient with age (cf., F4; see Fig. 1 ) impacts both action execution and action observation. With respect to the latter, compared to younger adults, older adults may exhibit lower sensitivity (or higher uncertainty) towards others' action trajectories or goals and a greater reliance on visual cues in social interactions as a consequence (see also Section 5.3).
Action observation and action execution result in overlapping activity in sensorimotor cortices in the frontal and parietal regions of the brain (Caspers et al., 2010; Grosbras et al., 2012) . Using multi-voxel pattern analysis (MVPA), Carp and colleagues showed that motor as well as perceptual representations during action observation become less distinct with advancing age (Carp et al., 2011a,b) . This relates to the concept of neuronal dedifferentiation, which assumes less distinct representations in the aging brain (cf., N1; see Fig. 1 ). Additionally, Léonard and Tremblay (2007) showed that corticomotor facilitation in relevant muscles is more widespread in older than in younger adults during action observation, imagery, and imitation. Moreover, Nedelko et al. (2010) showed that older adults recruit additional brain regions during action observation and imagery. Similar over-activations, predominantly located in sensory cortices, have been reported in subsequent studies examining age-related differences in neural activity during motor imagery tasks (Zwergal et al., 2012; Zapparoli et al., 2013) . During the prediction of actions that are partly occluded from view, older adults engage more regions in visual cortices during task performance (Diersch et al., 2013) , and increasing age has been linked to activity shifts from posterior to more anterior parts in the frontal and superior temporal regions (Diersch et al., 2016) . Lower precision in action prediction, as tested behaviourally, was further found to modulate the BOLD response in the caudate within older adults (Diersch et al., 2016) . If internal models are indeed optimized over the lifespan and consequently become more generalized as suggested above (Section 2.7) (Moran et al., 2014) , fine-grained differences or changes in observed actions, such as those typically employed in the abovementioned studies, might not be appropriately represented in the aging brain and therefore are no longer reliably detectable.
Social perception and empathy
There seems to be an age-related positivity effect in the processing of non-social but also social emotions in older adults (F9: Age-related positivity effect; see Fig. 1 ) (Reed et al., 2014) , which manifests in different tasks: Older adults prefer to fixate more on positive or neutral emotional stimuli (Allard and Isaacowitz, 2008) and are less distracted by negative emotional stimuli in Stroop tasks than younger adults (Ashley and Swick, 2009) . Older adults are also less distracted by visual stimuli printed on negative faces (Ebner and Johnson, 2010) , show decreased visually evoked potentials in response to angry faces (Mienaltowski et al., 2011) , show attentional biases away from negative faces , and respond faster to a visual stimulus when presented behind a neutral face rather than a negative face (Knight et al., 2007) . Similar effects are also apparent in memoryrecall tests (Charles et al., 2003; Mather and Carstensen, 2003; Denburg et al., 2003; Fernandes et al., 2008) . It is worth noting that the specific emotions that can elicit the age-related positivity effect are still debated, sadness or disgust for example do not always elicit the effect (Tsai et al., 2000; Birditt and Fingerman, 2003; Rothermund and Brandtstädter, 2003; Charles and Carstensen, 2008; Ruffman et al., 2008; Stone et al., 2010; Mienaltowski et al., 2011; Kunzmann et al., 2013; Kunzmann and Thomas, 2014) .
The reason for the age-related positivity effect is still debated. In older adults, the amygdala is more responsive to positive than to negative stimuli than it is in younger adults (Mather et al., 2004; Leclerc and Kensinger, 2011; Waldinger et al., 2011; Kehoe et al., 2013; Ge et al., 2014) . Moreover, specific differences in the processing of negative emotions, particularly anger and regret, could relate to different cognitive control mechanisms (Nashiro et al., 2012) and/or different motivational goals. The former aspect is supported by studies that indicate a causal role of medial prefrontal cortex/anterior cingulate cortex activity -areas that are known for their role in cognitive control -in the occurrence of the positivity effect in older adults (Sakaki et al., 2013) . The latter aspect is proposed by the socioemotional selectivity theory (Carstensen, 1992a,b; Carstensen et al., 1999; Reed and Carstensen, 2012) . According to this theory, with age, there is a shift in goals related to emotional gratification and emotionally fulfilling situations. Increased activity in the anterior cingulate cortex has been assumed to be the neuronal basis for this process (Brassen et al., 2011; Brassen et al., 2012) . However, other studies found no differences in emotion regulation of negative stimuli in older adults (Kunzmann et al., 2005; Mather 2016 ).
Age-related emotional differences in social perception are not restricted to the observation of static faces; they also occur when recognizing facial expressions from faces that changed their expressions dynamically from neutral to happy or from neutral to angry. Older adults were, for example, faster in recognizing happy than angry facial expressions, whereas this was not the case for younger adults (Di Domenico et al., 2015) . The age-related positivity effect also generalizes to situations where emotions are judged based not on facial expressions but on observed body cues, such as point-like-walker movements (Spencer et al., 2016) or body parts in pain (Chen et al., 2014) . Observing hands and feet in pain activated the right anterior insula less among older adults than among younger adults. This may relate to the decreased interoceptive awareness of older adults (cf., F1, N4; see Fig. 1 ), including their reduced sensitivity to pain, which may transfer to the perception of empathic pain.
Facial expression recognition in older adults can be facilitated when faces are accompanied by bodily cues, i.e., when a face is presented not in isolation but as attached to a body. Facilitated emotional face recognition when bodily cues are present also occurs in younger adults, but the effect is significantly stronger in older adults (Noh and Isaacowitz, 2013) . Older adults even outperformed younger adults in continuous emotion judgment tasks when dynamic, multimodal social stimuli were provided (videotaped interactions) rather than single faces (Sze et al., 2012) , which indicates a strong effect of contextual bodily cues on social perception in older adults. Perhaps contextual body perception can to a certain extent compensate for age-related differences in cortical inhibition (cf., N1; see Fig. 1 ) and attention (cf., F6; see Fig. 1 ). Theincreased reliance on visual cues of older adults as described above (Section 7.1) may also be relevant.
There is also evidence that older adults assign higher pleasantness ratings to slow tactile stroking stimulation than do younger adults (Section 2.3). This may imply that the positivity bias in older adults exists not only for visual body perception, such as the perception of faces and bodies, but also for the tactile perception of others during gentle stroking. In addition, interactions between individual tactile discrimination thresholds and the attitude towards social touch have been suggested (Vieira et al., 2016) . More work is needed to investigate these aspects further.
An interesting link also emerges between the above-outlined deficits in older adults in intracortical inhibition (cf., N1; see Fig. 1 ) and empathy. This link was drawn by a study of Bailey and Henry (2008) . They tested younger and older participants in a false belief task where participants were asked to report another person's specific knowledge, which required suppressing their own knowledge. Older participants performed worse than younger participants only when strong inhibitory demands were placed on their own knowledge, for example, when the information in the room that later had to be suppressed was actually shown to them. Difficulties to take over another person's perspective may therefore be linked to a lack of inhibitory control of self-perspective (Bailey and Henry, 2008) . This may also be linked to deficits of older adults in mental rotation (cf., F8; see Fig. 1 ).
It is also worth noting that there are studies that find no selective bias of older adults towards positive emotions (Sullivan and Ruffman, 2004; Rakoczy et al., 2012) ; rather, they suggest a more general agerelated decline in emotion recognition. Additionally, when verbal material is used, older adults are sometimes not impaired in decoding emotions (Happé et al., 1998; Phillips et al., 2002; Keightley et al., 2006) , and performance in theory-of-mind stories often remains stable (Phillips et al., 2002; Keightley et al., 2006) or is even improved in older adults (Happé et al., 1998 , but see Maylor et al., 2002; Sullivan and Ruffman, 2004; Rakoczy et al., 2012) .
The perception of trust
Judging another person as trustworthy or untrustworthy affects daily decision making and social behaviour, such as when making monetary investments or when lending money or goods to other people. Older adults are reduced in their capabilities to identify non-trustworthy faces (L6: Increased perception of trust; see Fig. 1 ). Castle et al. (2012) showed pictures of trustworthy, neutral, or non-trustworthy faces to younger and older participants. The authors did not find agerelated differences in the perception of trustworthiness in trustworthy and neutral faces but found that older adults perceived non-trustworthy faces as significantly more trustworthy than young participants. Older adults also rated those faces as more approachable than younger adults, which is in line with their positivity bias in social perception as discussed above (cf., F9; see Fig. 1 ) (see also Kiiski et al., 2016) . In addition, older adults rated people as generally more dominant and more competent than young people did (Kiiski et al., 2016) , and they tended to rate trustworthy faces as more trustful than young people did even after interactions where those people proved to be non-trustworthy (Suzuki, 2016) .
When perceiving non-trustworthy faces, older adults showed less BOLD signal change in the anterior insula than young participants (Castle et al., 2012) . No other brain area was sensitive to this contrast. Interoceptive awareness, which is mediated by the anterior insula and is impaired in older adults (see Section 2.3), has been associated with a "gut feeling" that signals emotions and guides decision making (Naqvi et al., 2006; Weierich et al., 2011) . Castle et al. (2012) hypothesized that the reduced ability to identify non-trustworthy faces in older adults may relate to their reduced "gut feelings" in social situations, particularly when confronted with non-trustworthy people or risky situations (Bechara et al., 1996) . Similarly, in the "maturational dualism" hypothesis, Mendes (2010) reports that with age, the ability of people to use internal states to guide their decisions and behaviour is impaired. The author argues that older people rely more on external rather than body-based cues during decision making and emotion perception, which may shape their tendency to place more trust in non-trustworthy people.
Because the financial consequences of misplaced trust by older adults reach almost 3 billion dollars per year in the United States of America alone (Company, 2011) , the development of training paradigms and educational campaigns that target decreased interoceptive sensitivity and help older adults to compensate for this loss seems to be essential to reduce financial losses among older adults in the future.
Neurodegenerative diseases
A wide variety of neurodegenerative diseases have complex relations with age-related changes in embodiment. Here, we focus on selected literature that has been published on the relationship between Parkinson's disease/Alzheimer's disease and disease-related impairments in embodied perception and action in order to provide novel inspiration for the development of treatment strategies for neurodegenerative diseases.
People with Parkinson's disease are severely affected in their motor abilities. In addition to suffering from tremor, they are often impaired in movement control even of simple actions. One study compared mental rotation abilities in Parkinson's patients between non-body cues and body cues (faces), and indicated that Parkinson's patients face selective impairments in performing body-related mental imagery (cf., F8; see Fig. 1 ) (Conson et al., 2014) . Patients with Parkinson's disease also show impairments in movement simulation tasks (cf., F4, F8; see Fig. 1 ). When patients judge the weight of lifted boxes, the real weight and the guessed weight are significantly related, but the slope value of this relationship is lower than it is among age-matched controls (Poliakoff et al., 2010) . Parkinson's patients are also impaired in facial emotion recognition and theory-of-mind tasks (Narme et al., 2013) .
Motor imagery abilities in Parkinson's disease, however, can be enhanced by external cueing (Heremans et al., 2012) . It has therefore been argued that motor imagery may be an efficient way to train Parkinson's patients during rehabilitation (Heremans et al., 2011) . Other approaches are to selectively train visual strategies that Parkinson's patients often apply in mental rotation to compensate for their deficits (Poliakoff, 2013) , or to use action observation to restore motor control in Parkinson patients (see Caligiore et al., 2017 for review). The latter approach seems promising particularly in light of apparently intact motor resonance in Parkinson's disease (Bek et al., 2017) .
In contrast to Parkinson's patients, patients with Alzheimer's disease usually do not have strong motor deficits; their impairments manifest first at the cognitive level. This may be one reason why patients with Alzheimer's disease often show preserved abilities in many tasks that require embodied processes, such as voluntary motor imitation (Bisio et al., 2012) , motor resonance responses during observed movements (Bisio et al., 2012) , and musical memory that involves motor areas (Jacobsen et al., 2015) . In contrast to Parkinson's patients, there is also no strong evidence that Alzheimer's patients involve more visual strategies during social perspective taking (Ruby et al., 2009) . Finally, while deficits in spatial navigation are frequently reported in Alzheimer's patients (Serino et al., 2014) , a potential contribution of embodied processes has not been systematically explored.
Whereas processes that involve embodied simulations are hence sometimes preserved in Alzheimer's disease, patients show impairments in body-related processing when cognitive functions are involved, such as age estimation of faces (Moyse et al., 2015) . Impairments in the ability to recognize emotional faces have also been described in relation to Alzheimer's disease (Phillips et al., 2010) . Therefore, with respect to training social or mental abilities, strategies for Alzheimer's and Parkinson's patients are almost orthogonal, which should be taken into account when developing strategies to increase their quality of life.
Conclusions and outlook
The body is an essential part of human experience. Bodily features, action abilities, and bodily signals such as tactile, proprioceptive, vestibular, and visceral sensations have a great impact on our perception of the environment. In recent years, influential embodiment theories have noted that higher cognitive functions are also influenced by bodily factors. In an aging society where the prevalence of neurodegenerative diseases is increasing and older adults play important roles in the economic and political spheres, it is becoming more and more relevant to delineate the cognitive and perceptual changes that are primarily caused by age-related bodily alterations and to develop effective strategies for their preservation, compensation, or at least awareness.
In this review, we introduced the NFL Framework of Embodied Aging (see Fig. 1 ) to link age-related decreases in embodiment to neuronal mechanisms on the one hand and functional consequences and daily life impairments on the other hand. To sum up, we introduced eight neuronal mechanisms (N1: decreased intracortical inhibition, N2: widening of spatial tuning curves, N3: elevated levels of internal noise, N4: deteriorated input pathways, N5: distal-to-proximal progression of bodily impairments, N6: less efficient inter-hemispheric integration, N7: fewer primary receptors, and N8: reduced neuronal processing speed) and linked them to nine functional consequences (F1: elevated sensory thresholds, F2: impaired spatial body perception, F3: motor, movement, and coordination impairments, F4: impaired internal modeling, F5: increased multisensory integration, F6: decreased attentional capacities, F7: impaired spatial perception, F8: impaired body-related imagery, and F9: age-related positivity effect) and highlighted the relevance for everyday life (L1: decreased perception of hunger and thirst, L2: increased risk of falls, L3: reduced capacity for multitasking, L4: problems in spatial navigation, L5: impaired social skills, and L6: increased perception of trust).
However, does the increasing experience with one's own body, with certain types of actions, or with emotions that naturally accompany increasing age also lead to higher (instead of lower) embodiment in older adults? Based on the literature reviewed above, the critical point seems to be the efficient utilization of one's own sensorimotor percepts, which often seems to be compromised in older adults. For example, less efficient forward modeling in older adults has been shown to result in difficulty perceiving the social environment under certain circumstances. Moreover, sensorimotor functioning is subject to age-related decline, which limits its potential to positively impact cognitive and social functioning. In line with this, the ability to anticipate the actions of others benefits from sensorimotor experience in both older and younger adults, but older adults rarely reach the same level of performance as their younger counterparts. Instead, the reliance on additional sources of information, such as visual cues, seems to increase with age. On the other hand, as outlined above (see Section 7.2), older adults can sometimes compensate for their deficits in social perception by taking into account more contextual information and by making use of their prior knowledge, which can lead to superior performance in some situations. More studies should be conducted to test 'experience'-or 'wisdom'-related hypotheses in light of bodily changes and cognitive performance differences in tolder adults.
Together, the NFL Framework of Embodied Aging as introduced here offers three categories and multiple interactions between their elements, which demonstrate a strong interlinkage between bodily factors and cognitive functions in old age that influence many aspects of everyday life. The NFL Framework of Embodied Aging provides a first step towards the development of more comprehensive and detailed frameworks on the interactions between changes in bodily perception and action on the one hand and age-related changes in cognitive functions on the other hand. This and similar approaches have the potential to elucidate conditions and influencing factors for the development of neurodegenerative diseases. Some of those are associated with distorted processing of bodily stimuli and embodiment deficits (e.g., Parkinson's disease), whereas others are to a lesser extent (e.g., Alzheimer's disease). Particularly for pathological aging, an embodiment perspective can generate new directions for research and enhance our understanding of age-related cognitive and behavioural deficits.
